Introduction {#Sec1}
============

Individuals with obesity and metabolic syndrome (MetS) have an increased risk for Type 2 Diabetes (T2D) and cardiovascular disease (CVD) development and premature death \[[@CR1]\]. Having chronic inflammation adds further risk of developing CVD or an acute cardiac event \[[@CR2], [@CR3]\]. Given that worldwide an estimated 25% of adults have MetS, it is clinically important to identify potential treatments for MetS to prevent development of serious comorbid conditions \[[@CR4]\].

Colchicine, an anti-inflammatory medication used for gout, has garnered considerable interest for its potential metabolic and cardiovascular benefits. Colchicine can reduce fasting insulin resistance in adults with obesity and has been suggested to reduce the risk of incident T2D \[[@CR5], [@CR6]\]. Among individuals with CVD, colchicine also decreased the incidence of major adverse cardiovascular events \[[@CR7]\].

The mechanism through which colchicine exerts its beneficial metabolic and cardioprotective effects has been attributed to its anti-inflammatory actions, both systemically and in local tissues \[[@CR5], [@CR8]\]. Indeed, a pilot randomized controlled trial (RCT) of colchicine's effects that we carried out in adults with obesity, MetS, and inflammation found that a measure of insulin resistance, HOMA-IR, as well as the inflammatory markers C-reactive protein (CRP), erythrocyte sedimentation rate (ESR), and GlycA were all significantly reduced in the colchicine versus the placebo group \[[@CR5], [@CR9]\]. However, a comprehensive investigation of the inflammatory pathways affected by colchicine in obesity has not been performed. Moreover, how changes in specific inflammatory mediators relate to colchicine's effects on metabolic biomarkers, such as insulin resistance or insulin secretion, are also not well understood. As microtubules are ubiquitously expressed and are integral for many cellular processes, it is plausible that colchicine exerts salutary cardiometabolic effects via noninflammatory pathways as well.

The aim of this secondary analysis of our prior RCT is to evaluate colchicine's effects on circulating metabolic and inflammatory mediators in adults with obesity and MetS. A secondary aim is to better understand the potential pathways by which colchicine improves fasting insulin resistance in obesity \[[@CR5]\].

Materials and methods {#Sec2}
=====================

Study design {#Sec3}
------------

The details and methods of this single-center, double-blind, randomized, placebo-controlled trial have been described previously \[[@CR5]\]. Subjects were randomized in a 1:1 ratio to receive colchicine (Spectrum Chemical Corp, New Brunswick, NJ) or identically appearing placebo capsules twice-daily for 3 months. The primary outcome was change in insulin sensitivity. The study protocol was approved by the *Eunice Kennedy Shriver* National Institute of Child Health and Human Development Institutional Review Board, and participants provided written consent for participation. No participant, investigator, or other staff interacting with participants was aware of study group assignment during the trial.

Participants {#Sec4}
------------

A convenience sample of 40 adults with obesity (BMI ≥ 30 kg/m^2^) and MetS were studied at the NIH Clinical Research Center between 2014 and 2018. At baseline, participants were required to have evidence for chronic inflammation (hsCRP ≥ 19.0 nmol/L) and insulin resistance (Homeostatic model of insulin resistance \[HOMA-IR\] ≥2.6). Subjects with significant chronic medical conditions including diabetes mellitus, CVD or taking medications affecting glucose homeostasis (e.g., metformin and insulin), lipids/cholesterol (e.g., statins and fibrates), body weight, or inflammation (e.g., steroids and NSAIDs) were excluded. Exclusion criteria for premenopausal female participants included irregular menses, pregnancy, breastfeeding, planning pregnancy in the next 6 months, or being unwilling to use contraception during their participation in the study.

Laboratory measurements {#Sec5}
-----------------------

Blood samples were drawn at baseline and after 3 months of study drug. Peripheral blood was collected after overnight fasting in serum tubes and centrifuged for 10 min at 3500 rpm. Obtained serum was immediately stored at −80 °C until further analysis without being exposed to freeze-thaw cycles, according to NIH Center for Human Immunology protocols (<https://chi.niaid.nih.gov/web/new/our-research/sop.html>). Serum proteomic analysis used the SOMAscan 1.3k Assay (SomaLogic, Boulder, CO). This aptamer-based assay can detect 1305 protein analytes in human serum \[[@CR10]\]. The proteins quantified include cytokines, hormones, growth factors, receptors, kinases, proteases, protease inhibitors, and structural proteins. A complete list of analytes measured can be found at <http://somalogic.com/wp-content/uploads/2017/06/SSM-045-Rev-2-SOMAscan-Assay-1.3k-Content.pdf>. Concentrations are measured as relative fluorescence units. The assay was performed according to manufacturer specifications, with data inspection using a web tool, as previously described \[[@CR11]\]. First-phase insulin secretion (AIRg) was calculated from the first 14 min of an insulin-modified 3-h frequently sampled intravenous glucose tolerance test, and insulin-independent glucose disposal (*S*~G~) was calculated using minimal model analysis (SAAM II, The Epsilon Group, Charlotte, VA) as described previously \[[@CR5]\]. Oxidized LDL (U/L) concentrations were determined by anti-ApoB-100 conformational epitope 4E6 antibody (Mercodia, Uppsala, Sweden, CAT\# 10-1143-01) \[[@CR9]\]. Whole-body fat mass and fat-free mass were obtained by dual-energy x-ray absorptiometry (GE Lunar iDXA, GE Healthcare, Madison, WI; software GE enCore 15 with CoreScan algorithm) \[[@CR5]\].

Statistical analysis {#Sec6}
--------------------

This was a secondary analysis assessing for differences between treatment arms using Student's *t* test for normally distributed data or Mann--Whitney *U* test for nonnormally distributed data. Pearson and Spearman correlation were used for normally distributed and nonnormally distributed data, respectively. Correlation analyses were restricted to proteins significantly affected by colchicine, after adjustment for false discovery rate (FDR). Two-sided significance tests were performed for all analyses. The Benjamini--Hochberg procedure was used to adjust for the FDR for multiple testing. SPSS v25.0 (IBM Corp, Armonk, NY) was used for statistical analyses.

Results {#Sec7}
=======

Pre- and post-intervention samples from 35 subjects (colchicine *n* = 17, placebo *n* = 18) were available for testing. Baseline characteristics were similar between colchicine-treated and placebo-treated groups \[Table [1](#Tab1){ref-type="table"}\]. Colchicine use did not significantly affect weight (−0.1 ± 2.3 vs. 1.4 ± 2.9 kg; *p* = 0.45) or fat-free mass (0.1 ± 1.6 vs. 0.7 ± 1.5 kg; *p* = 0.46). Using the nominal significance threshold of *p* \< 0.05, concentrations of 75 molecules increased and 101 molecules decreased in the colchicine arm as compared with placebo \[Supplementary Table [1](#MOESM1){ref-type="media"}\]. After controlling for the FDR, 34 molecules remained significantly changed by colchicine \[Table [2](#Tab2){ref-type="table"}\].Table 1Baseline participant characteristics.VariableColchicine (*n* = 17)Placebo (*n* = 18)Age (y)48.0 ± 13.844.7 ± 10.3Race (*n*, %)Black5, 29%4, 22%Non-Black12, 71%14, 78%Sex (*n*, %)Female12, 71%14, 78%Premenopausal female4, 24%6, 33%Weight (kg)113.2 ± 22.1118.8 ± 31.8Body mass index (kg/m^2^)39.8 ± 6.441.8 ± 8.2Body fat (%)48.1 ± 4.1%48.6 ± 5.8%Fat-free mass (kg)59.5 ± 12.061.5 ± 13.5Fasting glucose (mg/dL)106.2 ± 10.2100.8 ± 7.3HOMA-IR6.9 ± 2.96.1 ± 2.7hsCRP (mg/L)7.8 ± 7.96.5 ± 4.2There were no significant demographic or anthropometric differences between groups at baseline. Data shown as mean ± SD, except where otherwise noted.*HOMA-IR* homeostatic model of insulin resistance, *hsCRP* high-sensitivity C-reactive protein.Table 2Biomarkers significantly affected by colchicine after controlling for false discovery rate.Pathway/systemBiomarkerChange for colchicine vs. placebo (95% CI)Nominal *p* value**Decreased** InflammatoryA1AC−29.6% (−44.6 to −14.7%)0.00031BPI−42.6% (−62.8 to −22.4%)0.00003C5a−30.9% (−47.9 to −13.9%)0.00077C9−22.3% (−32.7 to −12%)0.00010Cathepsin E−14.4% (−24.7 to −4%)0.00015CD177−21.7% (−32.3 to −11.1%)0.00001COX-2−27.1% (−41.2 to −13%)0.00042C-reactive protein−33.8% (−48.5 to −19%)0.00005Cystatin F−27.5% (−60.4 to +5.4%)0.00034Haptoglobin−20.9% (−46.2 to +4.4%)0.00082HMGN1−16.1% (−23.7 to −8.6%)0.00012IL-6−14.8% (−25 to −4.6%)0.00040IL-16−11.5% (−17.8 to −5.2%)0.00054MMP9−29.7% (−48.8 to −10.6%)0.00095Myeloperoxidase−33.5% (−45.4 to −21.5%)0.00000Proteinase 3−37.9% (−50.5 to −25.3%)0.00000Resistin−21.2% (−27.9 to −14.5%)0.00000S100A12−27.7% (−42.1 to −13.4%)0.00041SAP−16.7% (−26.2 to −7.3%)0.00099SP-D−49.1% (−74.6 to −23.6%)0.00042 Signaling/transportACVR1B−11.2% (−17.2 to −5.1%)0.00067ASPGR1−11.3% (−17.6 to −5%)0.00094KPNA2−10.8% (−16.6 to −5.1%)0.00002PTK2−10% (−22.7 to +2.7%)0.00072 LipidLOX-1−32.7% (−48.9 to −16.4%)0.00026 Smooth muscle relaxationPDE5A−14.9% (−20.9 to −8.8%)0.00003**Increased** Cell proliferationREG4+35.6% (5.6 to 65.6%)0.00046 MetabolicENPP7+35% (8 to 62%)0.00040hFABP+28.5% (11.9 to 45%)0.00018GDF15+23.7% (11.9 to 35.4%)0.00003 Protein folding/transportPDI+36.2% (16.6 to 55.8%)0.00000pIgR+57.2% (9.9 to 104.5%)0.00054 ThrombosisProtein C+10.3% (5.5 to 15.2%)0.00013 Tissue repairHGFA+9.9% (5.3 to 14.5%)0.00011Mean percent change from baseline, adjusted for change in placebo.*A1AC* alpha 1-antichemotrypsin, *BPI* Bactericidal permeability-increasing protein, *C5a* complement component 5a, *C9* complement component 9, *CD177* cluster of differentiation 177, *COX-2* cyclooxygenase-2, *HMGN1* high-mobility group nucleosome-binding protein 1, *IL* interleukin, *MMP9* matrix metalloproteinase 9, *S100A12* S100 calcium-binding protein A12, *SAP* serum amyloid P component, *SP-D* surfactant protein D, *ACVR1B* activin receptor type-1B, *ASPGR1* Asialoglycoprotein receptor 1, *KPNA2* karyopherin alpha 2, *PTK2* protein tyrosine kinase 2, *LOX-1* oxidized low-density lipoprotein receptor 1, *ENPP7* ectonucleotide Pyrophosphatase/Phosphodiesterase 7, *PDE5A* phosphodiesterase 5A, *REG4* regenerating islet-derived protein 4, *GDF15* growth/differentiation factor 15, *hFABP* heart-type fatty acid binding protein, *PDI* protein disulfide-isomerase, *pIgR* polymeric immunoglobulin receptor, *HGFA* hepatocyte growth factor activator.

As expected, multiple inflammatory molecules were decreased by colchicine \[Fig. [1](#Fig1){ref-type="fig"}\]. Among them, seven have specific roles with regards to neutrophil function: alpha 1-antichemotrypsin, bactericidal/permeability-increasing protein, CD177, matrix metalloproteinase 9 (MMP9), myeloperoxidase, proteinase 3, and S100A12. Other mediators of the innate immune system were also suppressed, including complement components C5a and C9, cyclooxygenase-2, haptoglobin, serum amyloid P, and surfactant protein D. In addition, oxidized LDL receptor (LOX-1) and phosphodiesterase 5A concentrations were decreased in the colchicine arm. Conversely, colchicine significantly increased several molecules involved in metabolism and tissue repair (growth/differentiation factor 15 \[GDF15\], heart-type fatty acid binding protein \[hFABP\], hepatocyte growth factor activator) as well as an anti-thrombotic molecule, protein C.Fig. 1Changes in Selected Circulating Biomarkers.Selected circulating biomarkers that were significantly **a** decreased or **b** increased in the colchicine arm as compared with placebo after adjustment for the false discovery rate. Bars represent median values, whiskers represent the 95% confidence interval. All values are expressed as relative fluorescence units.

Among colchicine-treated subjects, decreases in fasting glucose were most highly correlated with hFABP (*ρ* = −0.61, *p* = 0.009) and decreases in fasting insulin resistance, as measured by HOMA-IR, were most highly correlated with GDF15 (*ρ* = −0.63, *p* = 0.006). Changes in first-phase insulin secretion were most highly correlated with IL-6 (*ρ* = 0.63, *p* = 0.009) and protein C (*r* = −0.63, *p* = 0.009), while changes in *S*~G~ were most highly correlated with karyopherin alpha 2 (*r* = 0.66, *p* = 0.005) and IL-6 (*ρ* = 0.64, *p* = 0.008). These correlations were all nominally significant, but did not survive FDR. Changes in LOX-1 were not significantly correlated with changes in oxidized LDL (*r* = −0.19, *p* = 0.46).

Discussion {#Sec8}
==========

Previous studies have examined colchicine's clinical and inflammatory effects in secondary or tertiary prevention, after patients developed significant CVD \[[@CR7]\]. Among individuals with obesity prior to development of significant comorbidity, a pilot RCT found colchicine reduced CRP and ESR, improved fasting insulin resistance, with a trend towards improvement of fasting glucose, fasting insulin and insulin-independent glucose disposal (*S*~G~) \[[@CR5]\]. However, colchicine's effects on different inflammatory pathways in obesity, and how these pathways are associated with colchicine's effects on metabolic parameters, are largely unknown.

In the present study, we found that colchicine affected multiple important circulating metabolic and inflammatory mediators in individuals with obesity and MetS. Specifically, GDF15, a growth factor associated with diabetes and CVD, was increased by colchicine in our study. Decreases in insulin resistance in colchicine-treated subjects were also highly inversely correlated with changes in GDF15 levels. GDF15 is often released as part of a stress response after anoxia or tissue injury, although conflicting evidence exists whether it contributes to, or protects against, diabetes and CVD development. In large cohort studies, GDF15 concentrations were associated with increased risk of diabetes, CVD, and mortality \[[@CR12]\]. Conversely, in mouse models GDF15 was protective to ischemic cardiomyocytes \[[@CR13]\] and injured pancreatic beta cells \[[@CR14]\]. Interestingly, GDF15 may be responsible for metformin's beneficial effects on weight loss and energy expenditure \[[@CR15]\], and colchicine's metabolic benefits may in part come from its ability to stimulate hepatic GDF15 production \[[@CR16]\].

Resistin and LOX-1, two key regulators of immunometabolism, were significantly decreased by colchicine. In mouse models resistin is primarily secreted by adipocytes and has been shown to increase fasting blood glucose, insulin resistance, and hepatic glucose production \[[@CR17]\]; in humans, resistin is primarily secreted by monocytes/macrophages and promotes vascular inflammation and atherogenesis. LOX-1, a receptor for oxLDL and regulator of cholesterol and fatty acid uptake in adipose and vascular tissue, can stimulate expression of adhesion molecules, inflammation, and promote atherosclerotic plaque formation \[[@CR18]\]. We previously showed that colchicine paradoxically increased oxLDL \[[@CR9]\]; the results from this analysis suggest that this may be due to reduced levels of its scavenger receptor removing it from circulation. Despite the increased oxLDL levels, less may be entering vascular tissue, thereby preventing vascular inflammation and atherosclerosis. Surprisingly, changes in LOX-1 levels did not correlate with changes in oxLDL among colchicine-treated patients, although this finding may simply be due to a lack of power.

Multiple inflammatory pathways and mediators implicated in diabetes and/or CVD development were also suppressed by colchicine. Consistent with previous reports, colchicine suppressed molecules associated with neutrophil function and activation \[[@CR19]\]. Interestingly, other members of the innate immune system were also suppressed, including members of the complement cascade, haptoglobin, and surfactant protein D \[[@CR20]\]. IL-6, a cytokine known to both positively \[[@CR21]\] and negatively \[[@CR22], [@CR23]\] influence glucose homeostasis, was also significantly decreased by colchicine. Somewhat surprisingly, reductions in IL-6 were nominally significantly associated with reductions, rather than improvements, in first-phase insulin secretion and insulin-independent glucose disposal, suggesting that IL-6 inhibition may not be responsible for colchicine's beneficial metabolic effects.

However, colchicine's suppressive effects on IL-6 in obesity raise the question of its potential as a treatment for COVID-19, a disease caused by a novel coronavirus (CoV), SARS-CoV-2. Individuals with severe obesity and/or T2D are at increased risk for infection, complications, and death from COVID-19 \[[@CR24]\]. Because a large proportion of COVID-19 mortality is thought to be brought on by a dysregulated cytokine storm, intense research is currently underway examining the use of anti-inflammatory medications \[[@CR25]\]. Recent case reports have supported the use of the anti-IL-6 inhibitor, tocilizumab \[[@CR26]\], and clinical trials investigating the use of colchicine in COVID-19 are currently underway \[[@CR27]\]. Of course, given colchicine's anti-inflammatory effects, a fear could be that it increases the risk of severe infection. Rates of mild or severe infections were not found to be significantly increased in our primary RCT analysis \[[@CR5]\], nor in other previous colchicine studies \[[@CR28], [@CR29]\]; however, colchicine's effects in COVID-19 remain to be seen.

A strength of the study was its randomized, double-blind, placebo-controlled design. In addition, given the large number of molecules assessed, our analyses adjusted for FDR. A limitation of the study was the relatively small sample size, which prevented us from performing an informative cluster analysis, and which may also have limited the ability to detect differences between groups. Additionally, the results presented are from a secondary analysis of the trial. However, we confirmed several findings (e.g., reductions in CRP, IL-6, and neutrophil markers) described previously \[[@CR8], [@CR19]\]. Another limitation is that our subjects were at-risk for T2D and CVD development rather than having known disease. It is possible that colchicine's effects on biomarkers and atherosclerotic pathways may vary with degree of T2D or CVD severity.

In conclusion, in otherwise healthy adults with obesity and MetS, colchicine use was associated with reduction in multiple inflammatory mediators and pathways. Interestingly, biomarkers linked to pathways implicated in CVD, including lipid circulation, endothelial dysfunction, nitric oxide production, and thrombosis were also significantly changed by colchicine. Further studies are warranted to investigate which of these pathways prominently play a role in colchicine's metabolic and cardioprotective effects.

Supplementary information is available at the International Journal of Obesity's website.
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